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Cross-over recombination products are a hallmark of meiosis
because they are necessary for accurate chromosome segregation
and they also allow for increased genetic diversity during sexual
reproduction. However, cross-overs can also cause gross chromo-
somal rearrangements and are therefore normally down-regulated
during mitotic growth. The mechanisms that enhance cross-over
product formation upon entry into meiosis remain poorly under-
stood. In Saccharomyces cerevisiae, the Superfamily 1 (Sf1) helicase
Srs2, which is an ATP hydrolysis-dependent motor protein that ac-
tively dismantles recombination intermediates, promotes synthesis-
dependent strand annealing, the result of which is a reduction in
cross-over recombination products. Here, we show that the meiosis-
specific recombinase Dmc1 is a potent inhibitor of Srs2. Biochemical
and single-molecule assays demonstrate that Dmc1 acts by inhibit-
ing Srs2 ATP hydrolysis activity, which prevents the motor protein
from undergoing ATP hydrolysis-dependent translocation on Dmc1-
bound recombination intermediates. We propose a model in which
Dmc1 helps contribute to cross-over formation during meiosis by
antagonizing the antirecombinase activity of Srs2.
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H omologous recombination (HR) is necessary for maintain-
ing genome integrity across all domains of life, and HR is
also required to repair programmed double strand breaks
(DSBs) during meiosis (1-5). Meiosis is a broadly conserved
eukaryotic cellular program that yields haploid progeny from
diploid precursors and is essential for sexual reproduction (4, 6,
7). HR plays a central role in meiosis, and, in most organisms,
the chromosomal changes that take place during meiosis are
dependent on recombination (4, 6, 7). Importantly, the transition
from mitotic repair to meiotic repair is denoted by a marked
difference in cross-over vs. non—cross-over HR outcomes. Cross-
overs are considered less desirable in mitotic cells because they
can lead to loss of heterozygosity and other chromosomal rear-
rangements (5, 8). In contrast, cross-overs are favored during
meiosis because they are essential for chromosome segregation
and they also help enhance genetic diversity among progeny (4,
6, 7). The molecular basis for the differential regulation of cross-
overs during mitosis and meiosis remains poorly understood.

The DNA transactions that take place during HR are cata-
lyzed by the broadly conserved Rad51/RecA family of recombi-
nases, which are ATP-dependent DNA-binding proteins that
form extended helical filaments on ssDNA (2, 3). Most eukary-
otes require two recombinases, Rad51, which catalyzes DNA
strand exchange during mitosis, and Dmcl, which catalyzes
strand exchange during meiosis (1, 3, 4). Rad51 and Dmcl are
~46% identical and arose from a gene-duplication event early
in eukaryotic evolution coinciding with the emergence of mei-
osis (1, 3, 4, 9). However, it remains unknown why eukaryotes
require a specialized recombinase for meiosis, and the re-
lationship between recombinase identity and the regulation of
Cross-over vs. non—cross-over recombination outcomes remains
unknown (1-5).
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Srs2 is an ATP-dependent 3'—5" ssDNA motor protein that
plays a central role in minimizing cross-overs during mitosis (2,
10-17). Srs2 functions by dismantling Rad51-ssDNA and D-loop
intermediates, thereby channeling HR intermediates through
the synthesis-dependent strand annealing (SDSA) pathway,
which exclusively yields non—cross-over recombination products
(Fig. 14) (2, 10-16). Consequently, srs2A mutants have a mitotic
hyperrecombination phenotype characterized by frequent cross-
overs and gross chromosomal rearrangements (15, 16, 18-20).
Srs2 antirecombinase activity is counterbalanced by the Rad51
paralog complex Rad55/57, the Shu complex (composed of the
Rad51 paralogs Psy3 and Csm2 and the SWIM-domain proteins
Shul and Shu2), and Rad52, all of which enhance assembly or
stability of early HR intermediates (Fig. 14) (21-24). The role of
Srs2 in helping to minimize cross-overs during mitosis is well
established, but its functions during meiosis remain poorly un-
derstood (15). Srs2 expression is up-regulated during meiosis
(25), but srs2A mutants have relatively mild meiotic phenotypes
(15, 26). However, mechanistic interpretation of the molecular
defects underlying srs2A phenotypes are complicated by the fact
that Srs2 also participates in HR-independent processes related
to genome integrity (reviewed in refs. 16 and 27), in particular
with respect to replication through DNA secondary structure
(28-30), replication checkpoint activation (31, 32), preventing
ssDNA gaps present at stalled replication forks from being used
to initiate recombination (33, 34), and Topl-mediated removal
of misincorporated ribonucleotides (35).

Interestingly, Srs2 overexpression in meiosis results in the
disruption of Rad51 repair foci, but does not disrupt Dmcl1 re-
pair foci (36), leading to the suggestion that Srs2 may not play
a major role in regulating HR in meiosis (15). However, the
activities of Srs2 on meiotic HR intermediates have not been
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explored in vitro, and it remains unknown whether this differ-
ential response of Rad51 and Dmcl foci to Srs2 overexpression
is caused by an inherent difference between the two recombi-
nases, or whether it might reflect the effects of another protein
component of the meiotic presynaptic complex (reviewed in
ref. 3), such as the Dmcl-specific mediator protein complex
Mei5/Sae3 (37), the Dmcl accessory factors Hop2/Mnd1 (38, 39)
or Rdh54 (40), or perhaps the ZMM proteins (including, Zipl,
Zip2, Zip3, Zip4/Spo22, Mer3, Msh4, and Msh5), which help to
coordinate recombination with synaptonemal complex formation
and have also been implicated as inhibitors of Sgs1 (41).

To gain insights into the molecular mechanisms governing
cross-over regulation during meiosis, here, we investigated the
ability of a central regulator of mitotic cross-over formation, the
Srs2 antirecombinase, to act upon meiotic recombination inter-
mediates. By using a combination of biochemical and single-
molecule imaging assays, we show that the meiosis-specific
recombinase Dmcl is a highly potent inhibitor of Srs2 activity.

Dmcl acts by inhibiting the ATP hydrolysis by Srs2, which in turn
prevents Srs2 from undergoing ATP-dependent translocation on
ssDNA. Our results are consistent with a model in which direct
physical contact with the 3’ ends of the Dmcl filaments halts
Srs2 motor activity, suggesting the possibility that this inhibition
occurs through an allosteric regulatory mechanism. We propose
a model in which meiotic recombination intermediates contain-
ing Dmcl are protected from disruption by the antirecombinase
activity of Srs2, and therefore the ability of Dmcl to inhibit
Srs2 may help to promote cross-over recombination outcomes
during meiosis.

Results

Dmc1 Is a Potent Inhibitor of Srs2 ATP Hydrolysis Activity. To ex-
amine potential functions for Srs2 regulation during meiosis, we
sought to determine whether Srs2 could dismantle Dmc1-ssDNA
filaments. Srs2 uses ATP-dependent translocation to remove
Rad51 from ssDNA; therefore ATP hydrolysis activity is a good
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Srs2 cannot remove Dmc1 from ssDNA. (A) Model for mitotic HR highlighting the regulatory role of Srs2 in disruption of Rad51-containing inter-

mediates. (B) Srs2 ATP hydrolysis assays with Rad51 or Dmc1. Data points represent the mean =+ SD of three experiments. (C) Schematic of ssDNA curtain assay
for Srs2. (D) Kymograph showing unlabeled Srs2 (500 pM) disruption of Rad51-ssDNA as revealed by RPA-GFP (100 pM) rebinding (shown in green). (E)
Kymograph showing that unlabeled Srs2 (500 pM) does not dismantle Dmc1-ssDNA.
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proxy for Srs2 antirecombinase activity (10, 11). As expected,
Srs2 retained vigorous ATP hydrolysis activity in the presence of
increasing concentrations of Rad51 (Fig. 1B). In striking con-
trast, ATP hydrolysis by Srs2 was inhibited with increasing con-
centrations of Dmcl (Fig. 1B). These bulk biochemical data
strongly suggest that Srs2 was unable to remove the meiosis-
specific recombinase Dmcl from ssDNA.

Rad51%%°T Does Not Strongly Inhibit Srs2 ATP Hydrolysis Activity.
Rad55/57 and Rad52 have been implicated as potential regula-
tors of Srs2 activity, albeit through poorly understood mecha-
nisms (21, 22). Interestingly, Rad55/57 and Rad52 have no
impact on Srs2 ATP hydrolysis rates (22, 24, 42), and Srs2 readil}rl
removes Rad52 from RPA-ssDNA complexes (42). Rad51"%

is a suppressor mutation that bypasses the need for Rad55/57
(22, 43). To gain insight into how Rad51"**T functions, we tested
the ability of this rad5] mutant to inhibit ATP hydrolysis by Srs2.
These results revealed that Rad51™*" has only a moderate im-
pact on Srs2 ATPase hydrolysis activity (SI Appendix, Fig. S1 A
and B). We have previously shown that Srs2 removes Rad51734°T
from ssSDNA at a reduced velocity (~85 nt-s™") comIpared with
the velocity observed with WT Rad51 (~140 nt-s™) (44), in-
dicating that Rad51*T slows but does not stop the movement
of Srs2, which is consistent with the observed reduction in Srs2-
mediated ATP hydrolysis in the presence of Rad51”*T, Together,
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these findings suggest that Rad55/57 (22), Rad52 (24, 42), and
Rad51%*T (present study and ref. 44) do not function by inhib-
iting Srs2 ATP hydrolysis activity. These results are in striking
contrast to our findings for Dmc1, which strongly inhibits ATP
hydrolysis by Srs2 (Fig. 1B). Our data suggest that Dmcl may
act as a direct inhibitor of Srs2, which affects Srs2 through a
mechanism that may be distinct from all of the aforementioned
regulatory factors.

Dmc1 Blocks Srs2 Translocation on ssDNA. We have established
ssDNA curtain assays for visualizing the behaviors of Srs2 on HR
intermediates in real time (Fig. 1C) (42, 44, 45). In brief, long
ssDNA substrates (>50 kilonucleotides) are generated by rolling
circle replication using a 5’ biotinylated primer (45-47). The
resulting 5’ biotinylated ssDNA is tethered to a supported lipid
bilayer on the surface of a microfluidic sample chamber through
a biotin-streptavidin linkage (45-47). The 5’ ends of the ssDNA
are then aligned at nanofabricated Cr barriers to lipid diffusion,
and the downstream ends of the ssDNA are attached to Cr
pedestals, which are deposited onto the fused silica by electron-
beam lithography (45-47). Addition of GFP- or mCherry-RPA
allows the ssDNA to be extended by hydrodynamic force, and
also provides means of visualizing the ssDNA by total internal
reflection fluorescence microscopy (45-47). In these assays,
unlabeled Srs2 disrupts Rad51-ssDNA, allowing for the rapid
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Fig. 2. Srs2 binds to Dmc1 filaments but cannot
translocate. (A) Kymographs showing GFP-Srs2
(150 pM; green) translocation on Rad51-ssDNA in
the presence of RPA-mCherry (magenta). (B) Kymo-
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replacement of Rad51 by RPA-GFP, and single Srs2 complexes
can translocate over distances spanning thousands of nucleo-
tides (Fig. 1D) (44). In striking contrast, we found no evidence
of Srs2 translocation on Dmc1-ssDNA even in assays contain-
ing fivefold more Srs2 (500 pM) relative to typical assays with
Rad51-ssDNA (Fig. 1E) (44). Importantly, Srs2 overexpression
disrupts Rad51 foci in vivo while leaving Dmcl foci unaffected
(36). Thus, cell-based assays and our biochemical and single-
molecule analysis all suggest that Dmc1-containing HR inter-
mediates are impervious to Srs2.

We considered two mechanisms for Dmc1-mediated inhibition
of Srs2: (i) Dmcl might prevent Srs2 from binding to the pre-
synaptic complex or (if) Dmcl might allow Srs2 binding but
block its motor activity. We used GFP-tagged Srs2 to distinguish
between these models (Fig. 2) (42, 44). As previously demon-
strated, GFP-Srs2 is targeted to clusters of RPA interspersed
between Rad51 filaments and then rapidly dismantles the Rad51
filaments (Fig. 24) (44). GFP-Srs2 recruitment was much less
efficient on Dmcl-ssDNA relative to Rad51-ssDNA, as evi-
denced by the need for ~fivefold more GFP-Srs2 to attain sim-
ilar levels of binding (Fig. 2 A4 and B). GFP-Srs2 was targeted to
RPA within Dmcl filaments (Fig. 2B), and the overall GFP-
Srs2 binding distributions were similar for both recombinases
(Fig. 2 C and D). However, there was no evidence for GFP-
Srs2 translocation on the Dmcl-ssDNA complexes (Fig. 2 B
and E). Interestingly, GFP-Srs2 bound to the Dmc1-ssDNA fil-
aments with a mean lifetime of 108 + 4.0 s (n = 278), compared
with 195 + 5.0 s (n = 428) for Rad51-ssDNA, indicating that
Srs2 dissociates approximately twofold faster from Dmcl-ssDNA
compared with Rad51-ssDNA (Fig. 2 F and G). These results
demonstrate that Srs2 can bind to Dmcl-ssDNA, albeit at re-
duced levels, but Srs2 is unable to translocate on the ssDNA in
the presence of the meiosis-specific recombinase Dmcl. Thus,
our ssDNA curtain measurements experiments reveal a crucial
mechanistic difference between Srs2 assays with Rad51°T and
Srs2 assays conducted with Dmcl: namely, Rad51%%T merely
slows Srs2 translocation, whereas Dmc1 completely halts it.

Dmc1 Prevents Heteroduplex Joint Disruption by Srs2. Srs2 has the
ability to disrupt heteroduplex DNA intermediates, and this ac-
tivity plays a central role in the ability of Srs2 to contribute to
genome integrity (13, 15, 18, 19, 27). Similarly, we have shown
that Srs2 can disrupt short heteroduplex DNA joints made with
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Rad51-ssDNA and 70-bp dsDNA fragments harboring a 15-nt
tract of homology complementary to the presynaptic ssDNA
(44). Srs2 disrupts these intermediates through two distinct
pathways: through direct recruitment to the heteroduplex joint
or through collisional encounters while undergoing 3'—5’ trans-
location along the Rad51-ssDNA (Fig. 3 A and B). Srs2 cannot
translocate on Dmcl-ssDNA; therefore, the collisional pathway
for heteroduplex disruption is not operational in the presence of
Dmcl (Fig. 3C). GFP-Srs2 is recruited to heteroduplex DNA
joints in the presence of Dmcl, but these intermediates remained
resistant to Srs2-mediated disruption (Fig. 3 C-E), and the life-
times of the heteroduplex joints were substantially longer for
Dmcl-ssDNA (430 + 15 s) compared with Rad51-ssDNA (127 +
2.1 s; Fig. 3F). Indeed, the lifetimes of the heteroduplex joints
were similar for reactions that used (i) Srs2 and Dmcl-ssDNA
(430 + 15 s), (ii) the ATP hydrolysis-deficient mutant Srs2<*'*
and Rad51-ssDNA (343 + 5.0 s), or (iii) Dmcl-ssDNA in the
absence of Srs2 (405 + 10 s; Fig. 3F). These results suggest that
Srs2 does not strongly affect the stability of heteroduplex DNA
joints in the presence of Dmcl.

Srs2 ATPase Activity Is Inhibited by Mixed Recombinase Filaments.
Meiotic presynaptic complexes contain Rad51 and Dmcl. However,
Rad51 and Dmc1 do not form highly intermixed filaments in vivo,
but instead are thought to segregate into side-by-side homotypic
filaments (1, 3, 48, 49) (Fig. 44). We have shown that this side-by-
side homotypic filament organization can be recapitulated in vitro
in assays containing mixtures of Rad51 and Dmcl, indicating that
these two recombinases have an intrinsic capacity to form separate
filaments on the same ssDNA molecules even in the absence of any
other assembly factors (50) (Fig. 4 A and B). Therefore, we next
asked how Srs2 behaved in reactions containing mixtures of
Rad51 and Dmcl. Remarkably, bulk biochemical assays revealed
that Srs2 ATP hydrolysis activity was markedly reduced in reactions
containing 3:1 or 1:1 ratios of Rad51 to Dmcl, indicating that Srs2
ATP hydrolysis activity was down-regulated within the context of
these mixed recombinase filaments (Fig. 4C).

The Rad51-Binding Factor Hed1 Does Not Affect Srs2. During meio-
sis, Rad51 strand-exchange activity is down-regulated by the
meiosis-specific Rad51-binding factor Hedl, which prevents
Rad54 from associating with Rad51-ssDNA filaments (51-53).
Importantly, we used GFP-tagged Hedl in DNA curtain assays
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Fig. 3. Dmc1 prevents Srs2 from disrupting hetero-
duplex DNA joints. (A) Pathways for Srs2 recruitment
to heteroduplex DNA joints. (B) Kymographs illus-
trating GFP-Srs2 (500 pM; green) disruption of hetero-
duplex DNA joints prepared with 70-bp Atto565-labeled
dsDNA fragments (magenta) bound to Rad51-ssDNA.
(C) Kymographs showing GFP-Srs2 (500 pM) acting
upon the same dsDNA fragments (magenta) bound
to Dmc1-ssDNA. (D) Fraction of GFP-Srs2 that is di-
rectly recruited to the heteroduplex DNA joints with
Rad51-ssDNA or Dmc1-ssDNA. (E) Fraction of dsDNA
that remains bound after injection of GFP-Srs2 (500 pM).
'l., i (F) Survival probability plots for dsDNA bound to Rad51-
ssDNA or Dmc1-ssDNA in the presence of GFP-Srs2
(500 pM), GFP-Srs2¥4'A (500 pM), or no Srs2 as in-
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to identify the locations of Rad51 within mixed recombinase
filaments containing Rad51 and Dmcl (Fig. 4B) (52). Bulk
biochemical assayed revealed that Hed1-GFP has no appreciable
impact on Srs2 ATP hydrolysis activity (SI Appendix, Fig. S24),
and DNA curtain assays demonstrated that Srs2 readily disrupts
Hed1-Rad51-ssDNA filaments, exhibiting velocity and proc-
essivity values similar to reactions without Hedl (SI Appendix,
Fig. S2 B-G) (44). These findings demonstrated that Hed1 does
not alter the ability of Srs2 to remove Rad51 from ssDNA.

Srs2 Translocation Is Highly Restricted Within Mixed Recombinase
Filaments. We next sought to visualize the behavior of un-
labeled Srs2 on meiotic presynaptic complexes containing both
Rad51 and Dmcl, in which the locations of the Rad51 filaments
were demarcated by GFP-tagged Hedl and the removal of the
recombinases was monitored with RPA-mCherry. These exper-
iments revealed outcomes that could be categorized as (i)
complete filament disassembly; (ii) local disassembly, in which a
portion of the filament was disrupted; or (iii) no disassembly
(Fig. 4D). At a 3:1 ratio of Rad51 to Dmcl, 57% of the pre-
synaptic complexes exhibited no Srs2 activity, 19% were fully
disassembled, and the remaining 23% showed local disassembly
(Fig. 4E). At a 1:1 of Dmcl to Rad51, 94% of the presynaptic
complexes remained fully intact, 6% exhibited local disruption,
and none of the filaments were completely disassembled (Fig.
4F). These findings with mixed Rad51 plus Dmcl1 recombinase
filaments contrast with control reactions for Rad51 only, in
which all (100%) of the presynaptic complexes were completely
disassembled by Srs2, and also contrasted with reactions con-
taining only Dmcl, in which none (0%) of the presynaptic
complexes were disassembled (Fig. 4E). We conclude that

Srs2 activity is greatly restricted within mixed recombinase fila-
ments containing Rad51 and Dmcl.

Interestingly, the local disassembly events observed on mixed
recombinase filaments appeared to initiate primarily within the
Rad51-Hed1-GFP sections of the filaments. To analyze these
events in more detail, we conducted experiments at a 1:1 ratio of
Rad51 to Dmcl in the presence of Hed1-GFP and mCherry-Srs2
(SI Appendix, Fig. S3 A and B). Most of the mCherry-Srs2 (69%;
n = 223) was recruited to Hed1-Rad51 within the mixed filaments
(SI Appendix, Fig. S3 B and C), even though only ~20% of mixed
recombinase filaments are composed of Rad51 under these condi-
tions (50). The majority of the mCherry-Srs2 (89%; n = 289)
exhibited no detectable translocation activity, whereas a small
population (1.8%; n = 6) translocated more than approximately
1,000 nt (SI Appendix, Fig. S3D). Interestingly, a somewhat larger
population (8.2%; n = 28) appeared to translocate over shorter
distances as evidenced by the replacement of the green fluorescence
signal from Rad51-Hed1-GFP with the magenta signal from RPA-
mCherry (no more than approximately 1,000 nt; ST Appendix, Figs.
S3D and S4). Taken together, these findings suggest that, although
Srs2 can bind to and remove Rad51-Hed1 from within the mixed
recombinase filaments, it fails to progress beyond the 3’ ends of the
adjacent Dmcl filaments (Fig. 4E and SI Appendix, Fig. S4).

Discussion

Our work shows that the meiosis-specific recombinase Dmcl
prevents Srs2 from dismantling early meiotic recombination in-
termediates. Our data demonstrate that, although Srs2 can bind
to presynaptic complexes containing Dmcl, it is unable to initiate
ATP-dependent translocation on these Dmcl-bound substrates.
These studies highlight a biochemical distinction between
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Fig. 4. Srs2 action on mixed recombinase filaments.
(A) Schematic of Rad51 and Dmc1 filaments bound to
the same ssDNA. (B) Images showing Rad51 only,
Dmc1 only, and mixed recombinase filaments in the
presence of Hed1-GFP (green). Dmc1 (dark) and
Rad51-Hed1 (green) regions are highlighted. (C) Srs2
ATP hydrolysis assays with Rad51 only, Dmc1 only, or
3:1 and 1:1 mixtures of Rad51 to Dmc1. Data points
represent the mean + SD of three experiments. (D)
Kymographs illustrating examples of complete dis-
assembly, local disassembly, and no disassembly for
reactions performed with Rad51 (1.5 pM) and Dmc1
no disassembly (1.5 pM), Hed1-GFP (10 nM), RPA-mCherry (100 pM),
’12?3‘(’) and unlabeled Srs2 (500 pM). (E) Distribution of ob-
served event types for Srs2 reactions performed with
Rad51 only, 3:1 Rad51:Dmc1, 1:1 Rad51:Dmc1, or
Dmc1 only as indicated.
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Rad51 and Dmcl, namely, Rad51 is highly susceptible to dis-
ruption by the antirecombinase activity of Srs2 whereas Dmcl is
not. We speculate that the ability of Dmcl to inhibit Srs2 may
help explain in part why eukaryotes utilize a specialized recom-
binase during meiosis.

Model for Dmc1 as an Inhibitor of Srs2. Srs2 readily removes
Rad51 from ssDNA, and, during mitotic DSB repair, Srs2 is
thought to promote SDSA by disrupting Rad51 filaments, by
disrupting heteroduplex intermediates (e.g., D-loops), and/or by
reducing the probability of second end capture (Fig. 54) (10, 12, 15,
20). In striking contrast, our results demonstrate that Srs2 cannot
remove the meiosis-specific recombinase Dmc1 from ssDNA (Fig.
5A4). We propose that Dmcl may help prevent premature dissolu-
tion of early meiotic recombination intermediates by blocking the
antirecombinase activity of Srs2, which would in turn prevent these
meiotic HR intermediates from being channeled through the SDSA
pathway. Thus, the ability of Dmcl to inhibit Srs2 may contribute to
the elevated cross-over frequency that is the hallmark of meiosis.
Mechanistically, Dmc1 acts by inhibiting Srs2 ATP hydrolysis, which
in turn prevents Srs2 from translocating on ssDNA bound by Dmcl.
The ability to shut down Srs2 translocation through inhibition of its
ATP hydrolysis activity appears to distinguish Dmcl from other
known negative regulators of Srs2 antirecombinase activities, such
as Rad55/5 or Rad52, which do not appear to affect the ssDNA-
dependent ATP hydrolysis activity of Srs2 (22, 24, 42). Our find-
ings suggest that this inhibition likely takes place as a result of
direct physical contact between the advancing Srs2 motor proteins
and the 3’ ends of Dmcl filaments, suggesting a mechanism in-
volving allosteric communication that turns off ATP hydrolysis by
Srs2 (Fig. 5A4). As a result, meiotic HR intermediates are rendered
highly resistant to Srs2, which may favor cross-over product for-
mation by increasing the likelihood of second strand capture and
the formation of double Holliday junctions (Fig. 54). Our results
also provide a mechanistic explanation for the finding that
Dmcl foci are resistant to Srs2 overexpression in vivo (36), and
pinpoint Dmcl itself, as opposed to some other regulatory co-
factor (e.g., Mei5/Sae3, Hop2/Mndl, Rdh54, or the ZMM pro-
teins), as the source of this resistance.

The finding that Srs2 is inhibited by Dmcl is remarkable given
that Saccharomyces cerevisiae Rad51 and Dmcl are ~46%
identical at the amino acid sequence level. Interestingly, there
are many recombination events that take place during meiosis,
which are independent of Dmcl and are instead driven by the
strand-exchange activity of Rad51 (54, 55). In addition, there are
many intersister recombination events that take place during
meiosis (56), and we speculate that these events may also be

A Inter—homolog repair (Rad51 + Dmc1) BDSB

_— processing
Dmct1 w Rad51
Srs2 filament
assembly

driven by Rad51. Importantly, our model for Dmcl-mediated in-
hibition of Srs2 would allow for two distinct modes of Srs2-mediated
regulation during meiosis. Namely, Dmcl-mediated inhibition of
Srs2 may selectively favor cross-over formation during interhomolog
recombination (Fig. 54), whereas Srs2 would still be able to act as
an antirecombinase to promote RadS1-mediated intersister re-
combination via SDSA (Fig. 5B). Interestingly, Srs2 expression in-
creases six to eightfold during meiosis (25). Although the reasons
for the enhanced expression of Srs2 in meiosis remain unknown,
one possibility is that it helps to ensure that there is sufficient
Srs2 present to accommodate Rad51-mediated recombination
events, or increased Srs2 levels may be necessary for its other
replication-related functions as cells transition from 2n to 4n
DNA content while the homologous chromosomes are being
duplicated.

Conclusion. Srs2 is considered a prototypical antirecombinase that
dismantles Rad51-containing recombination intermediates. Similar
antirecombinase functions have been ascribed to the S. cerevisiae
RecQ helicase Sgsl, as well as several helicases that are important
for dismantling HR intermediates in human cells, including FBH1,
RECQS5, WRN, and BLM (57-62). Intriguingly, bulk biochemical
assays have revealed that BLM can inhibit D-loop formation by
human RADS1, but BLM does not inhibit D-loop formation by
human DMC1 (63). Future work will be important to determine
whether Dmcl can inhibit other antirecombinase enzymes and
whether this inhibition is conserved in higher eukaryotes.

Methods

Protein Purification. The expression and purification of S. cerevisiae
Rad51 and Dmc1 followed published procedures (64, 65). RPA, GFP-RPA, and
mCherry-RPA were purified as described previously (42, 44). Srs2 proteins
were also purified according to published procedures (42, 44). In brief, a
pPET11c vector encoding 9xHis-tagged Srs2 and pET15b vectors encoding
GFP-5rs2%%8, mCherry-Srs28%8, and GFP-Srs2X4'A%% \yere introduced into
Escherichia coli Rosetta 2(DE3) cells (Novagen). Cells were grown in 3 L of
Lysogeny Broth at 37 °C to an ODgq of 1-2_ The temperature was reduced to
16 °C before addition of 0.1 mM isopropyl-p-p-thiogalactopyranoside (IPTG).
After 20 h of growth, cells were pelleted and frozen at —80 °C. The pellet
was then resuspended in lysis buffer [40 mM NaHPO,, pH 7.5, 600 mM KCl, 5%
glycerol, 10 mM imidazole, pH 7.8, 0.1 mM Tris (2-carboxyethyl)phosphine
hydrochloride (TCEP), 0.05% Tween-20, 10 uM E-64, one pill per 100 mL of
protease inhibitor mixture tablets, 1 mM benzamidine, 1 mM PMSF, 0.125%
myo-inositol] and lysed by sonication on ice. The lysate was clarified by ul-
tracentrifugation and incubated for 30 min with a Talon resin (Clontech) that
was equilibrated with buffer Talon A (40 mM NaHPO,, pH 7.5, 300 mM KCl,
5% glycerol, 15 mM imidazole, 0.02% Tween-20, 1 mM benzamidine, 1 mM
PMSF, 0.125% myo-inositol). Before elution, the Talon column was washed
with buffer Talon A. The proteins were eluted with a step of buffer Talon A

Inter—sister repair (Rad51 only)
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containing 100 mM imidazole (pH 7.8). The eluate was then dialyzed against
heparin buffer (20 mM NaHPO,, pH 7.5, 100 mM KCl, 5% glycerol, 0.01% Tween-
20, 1 mM TCEP, 2 mM EDTA, 0.125% myo-inositol) during a period of 2 h. The
eluate was then loaded onto a 1-mL HiTrap heparin column (GE Lifesciences)
equilibrated with heparin buffer, and proteins were eluted with a step of heparin
buffer containing 500 mM KCl. The purified fraction was applied to a Superdex
200 size-exclusion column equilibrated with storage buffer (40 mM NaHPO,, pH
7.5, 300 mM KCl, 10% glycerol, 0.01% Tween-20, 1 mM TCEP, 0.5 mM EDTA,
0.125% myo-inositol). Fractions corresponding to monomeric Srs2 were pooled,
concentrated, flash-frozen in liquid nitrogen, and stored at —80 °C.

GST-Hed1-6xHis-mCherry, GST-Hed1-6xHis, and GST-Hed 1-6xHis-GFP were
purified as described previously (50, 52). pGEX plasmids were transformed
into E. coli Rosetta(DE3) cells (Novagen). Cell were grown to an OD of 0.6—
0.8 at 37 °C, and cultures were then shifted to 16 °C and induced overnight
with 0.1 mM IPTG. After overnight expression, cells were harvested and
resuspended in 20 mL-L™" cell lysis buffer [S0 mM Tris-Cl, pH 7.5, 700 mM KCl,
1 mM EDTA, 10 mM p-mercaptoethanol (3-ME), protease inhibitor mixture
(cat. no. 05892988001; Roche), 10% glycerol, and 1 mM PMSF]. Cells were lysed
with lysozyme and sonicated. The lysate was clarified by ultracentrifugation for
45 min at 90,000 x g. Clarified extract was incubated in batch with glutathione
resin (cat. no. 17-0756-01; GE Healthcare) for 1 h at 4 °C. After 1 h, the su-
pernatant was removed and the resin was washed with 10 column volumes with
buffer K1000 (20 mM Tris-Cl, pH 7.5, 1 M KCl, 10 mM B-ME, 1 mM PMSF, 10%
glycerol, 2.5 mM imidazole). Resin was then washed with buffer K300 (20 mM
Tris-Cl, pH 7.5, 0.3 M KCl, 10 mM p-ME, 1 mM PMSF, 10% glycerol, 2.5 mM im-
idazole). Protein was eluted with buffer K300 plus 25 mM glutathione. Peak
fractions were bound to cOmplete nickel resin (cat. no. 05893682001; Roche) for
1 h at 4 °C. Resin was then washed with five column volumes of buffer K1000,
followed by washing with five column volumes of buffer K300. Protein was then
eluted with buffer K300 plus 100 mM imidazole. Peak fractions were pooled and
dialyzed against buffer K 150 (20 mM Tris-Cl, pH 7.5, 150 mM KCl, 10 mM
B-ME, 1 mM PMSF, 10% glycerol). Proteins were quantified by absor-
bance at 280 nm, and, in the case of GFP and mCherry protein concentrations,
were quantified by measuring the absorbance of the chromophores at 488 nM
(6488 rnm = 55,000 cn™-M™") or 587 nm (esg7 nm = 72,000 cm™-M™), respectively.
Samples were flash-frozen and stored at —80 °C.

Single-Molecule Experiments. All experiments were conducted with a prism-
type total internal reflection fluorescence microscope (Nikon) equipped
with a 488-nm laser (200 mW; Coherent Sapphire) and a 561-nm laser
(200 mW; Coherent Sapphire). For all two-color images, we used a custom-
built shuttering system to avoid the bleed-through from the green into
the red channel during image acquisition. The lasers were each set to 50 mW
output power, yielding illumination powers at the sample of ~8.8 m\W/mm?
for the 488-nm laser and 14.7 mW/mm? for the 561-nm laser. With this
system, images from the green (GFP) and the red (mCherry) channels are
recorded independently, and these recordings are offset by 100 ms such
that, when one camera records the red channel image, the green laser is
shuttered off, and vice versa (42, 45).

Flowcells and ssDNA curtains were prepared as previously described (42,
44, 50). In brief, lipid bilayers were prepared with 91.5% DOPC (1,2-dioleoyl-sn-
glycero-3-phosphocholine), 0.5% biotinylated PE, and 8% mPEG 2000-DOPE
[1,2-dioeoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene gly-
col)-2000] (ammonium salt)]. The ssDNA substrate was generated by using a 5’
biotinylated primer and a circular M13 ssDNA template and rolling circle
replication with phi29 DNA polymerase (66). The 5’ biotinylated ssDNA was
injected into the sample chamber and attached to the bilayer through a
biotin-streptavidin linkage. The flow cell was then attached to a microfluidic
system, and buffer was delivered to the sample chambers by using a syringe
pump (KD Scientific).

Rad51 and Dmc1 Filament Assembly. The 5’ biotinylated ssDNA molecules
were aligned along the diffusion barriers at a flow rate of 0.5 mL-min~" in
Dmc1 buffer plus RPA (30 mM Tris-Cl, pH 7.5, 100 mM KCl, 2 mM MgCl,,
1.5 mM CaCl,, 0.2 mg-mL‘1 BSA, 1 mM DTT, 0.1 nM RPA-GFP, RPA-mCherry,
or unlabeled RPA). When molecules had been aligned, the flow rate was
adjusted to 1.0 mL-min~" and 0.5 mL of 7 M urea was injected into the flow
cell to disrupt any remaining secondary structure. The sample chamber was
then flushed with Dmc1 buffer plus RPA-GFP or RPA-mCherry (0.1 nM) at
1.0 mL/min for 10 min. After 5 min, Dmc1 buffer plus ATP (30 mM Tris-Cl, pH

1. Neale MJ, Keeney S (2006) Clarifying the mechanics of DNA strand exchange in
meiotic recombination. Nature 442:153-158.

2. Kowalczykowski SC (2015) An overview of the molecular mechanisms of re-
combinational DNA repair. Cold Spring Harb Perspect Biol 7:a016410.
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7.5, 100 mM KCl, 2 mM MgCl,, 1.5 mM CaCl,, 0.2 mg-mL~" BSA, 1 mM DTT,
plus 2.5 mM ATP) flowed at 1.0 mL-min~" for 3 min. Rad51 (2 uM), Dmc1
(2 uM), or mixed ratios of the two (3 pM total Rad51 + Dmc1) were injected
into the flow cell, buffer flow was terminated, and the reaction was in-
cubated at 30 °C for 20 min to allow filament assembly. The RPA fluores-
cence signal was then monitored to verify filament assembly. In experiments
in which unlabeled RPA was used, the reaction was allowed to incubate for
20 min without monitoring. Following a 20-min incubation, free recombi-
nase was flushed from the sample chamber with Dmc1 buffer plus ATP, and
experiments proceeded as described later.

Srs2 Translocation Assays. All translocation measurements were conducted in
Dmc1 buffer at 30 °C. After recombinase exchange, the flow cell was washed
with 1 mL of Dmc1 buffer to remove free recombinase. Samples containing
GFP-Srs2 with 0.1 pM RPA-mCherry, Srs2 with 0.1 pM RPA-GFP, or GFP-
Srs2 with 0.1 pM RPA-mCherry were injected into the flow cell at a rate of
1 mU/min. For experiments in which Rad51 was labeled with GFP-Hed1 (10 nM),
RFP-Srs2 was used with unlabeled RPA. Flow was stopped after 10 s, corre-
sponding to the peak injection period, and the activity of Srs2 was monitored
for 10-15 min. All data were collected at one frame per 10 s with 100 ms in-
tegration time, and the laser was shuttered between each acquired image to
minimize photo-bleaching. Raw TIFF images were imported as image stacks
into ImageJ, and kymographs were generated from the image stacks by de-
fining a 1-pixel-wide region of interest along the long axis of the individual
ssDNA molecules. From the kymographs, the lifetime, number, position, and
translocation of Srs2 was quantified and used for further data analysis. Survival
probabilities were calculated from binding lifetime measurements (Fig. 2F),
and the data were fit by a constrained exponential decay function to de-
termine the t,,, (Fig. 2G). The error bars were generated by bootstrapping the
data by using a custom python script. When indicted, the global association
and dissociation rate of RPA or Hed1 was quantified by integrating the total
signal intensity over entire ssDNA molecules, and the resulting data were fit to
an exponential decay curve or scored for extent of disassembly.

ATP Hydrolysis Assays. ATP hydrolysis was performed in Dmc1 buffer (30 mM
Tris-Cl, pH 7.5, 100 mM KCl, 2 mM MqgCl,, 1.5 mM CaCl,, 1 mM DTT, 0.2 mg-mL‘1
BSA) in the presence of 2 mM cold ATP and trace amounts of y—[32P]ATP. All re-
actions were performed at 30 °C, and contained 2.5 uM (in nucleotides) of
M13 ssDNA. Aliquots were removed at specified time points and quenched with
25 mM EDTA and 1% SDS. The quenched reactions were spotted on TLC plates
(cat. no. HX71732079; Millipore) and resolved in 0.5 M LiCl plus 1 M formic acid.
Dried TLC plates were exposed to a phosphorimaging screen and scanned with a
Typhoon platform (GE Healthcare).

Single-Molecule Joint Molecule Disruption Assays. Heteroduplex joint disrup-
tion experiments were performed in Dmc1 buffer plus 5 mM MgCl, (30 mM
Tris-Cl, pH 7.5, 100 mM KCl, 5 mM MgCl,, 1.5 mM CaCl,, 1 mM DTT, 0.2 mg-mL™"
BSA) as described here earlier. All reactions were performed at 30 °C, and re-
combination filaments were reconstituted as described here earlier by using
unlabeled RPA to extend the ssDNA. Recombinase exchange was allowed to
proceed for 20 min, and then free recombinase was flushed away. A 70-bp DNA
substrate labeled with Atto565 on the 5’ end of the complementary strand
containing 15 bases of homology was then injected at concentrations of 1 nM
(for reactions with Dmc1) and 10 nM (for reactions with Rad51) and incubated
for 10 min as described previously (44). Unbound dsDNA was then flushed
away, and data collection was initiated at one frame per 10 s; after 30 s, GFP-
Srs2 (500 pM) was injected and monitored for 10-15 min. Data analysis was
conducted as described here earlier. Survival probabilities were calculated from
the dsDNA binding lifetimes and fit by an exponential decay function, and error
bars were generated by bootstrapping by using a custom Python script.
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